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PUIJOSE

The purpose of this report is to stuwinarize studies of the basic
principles involved in the transport of particulate matter by water
filras on an ideally smooth surface.

O&TECrIVE

l•he objective of these studies is to determine the relationship of

surface slope and water flow rate to transport of particulate matter.

The flow claracteristics of the water filri were de hennined by measur-
ing the depth of the water film and the surface velocity. The rate of
rart.rlee trnnnporL was studied under the following conditions;

Slope: Horizontal 0.00065 0.02, 0.04, O.08, and O.1 6 5(rise in feet).
Water Flow Pate: 0.195 to 7.32 gallons per min/ft of width.
Fallout Particle Simulant: Irr',gular-shaped silica and spherical

glass beads.
Simulant I)hvticle Size: 68 to 103.5 4.

The :moximun amount of particulate matter that can be transported at
various slopes was determined.

The characteristics of water surface wave development at various
conditions was studied in relation to particle transport.

SIGNIIECANT FIDIDDINGS

Fallout particles can be transported by thin films of water on
hurizontal sur.faces only when the water flow rate is sufficient to pro-
duce turbulent flow. Water filins in laminar flow will transport parti-
culate nitter if the surface is given the slightest incline. Surface
waves arc produced at all slopes at certain water flow rates. These

wave:- incc, the particle transport rate. An equation was developed
froa expefimental data for the calculation of velocity of transport for
variuis size particles under various conditions of slope and water flow.
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The maximum amount of irregularly shaped particulate matter of the
68 Lo 1O00-i size range which can be transported under any set of con-
ditions at any slope is much grenter than would be expected from a
nuclear detonation.

CON:.10 UTON

At all slopes the gravity wave action becomes the biggest factor
in the transport of particulate matter. As the slope increases, the
vr4Ht-.r film thins out. The thinning out of the film resulted in an
increase in the frequency of the waves.

i• I,:C0M,•ilN•AT ]C N2

It is recommended that studies be made of methods of applying wash-
dcwn water to roofing surfaces which will produce an abundance of
gravity or surface waves.
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ABSTRACT

This is the sixth report on a series of tests designed to study the
basic principles involved in transport of particulate matter by water
fi3ms. The previous reports covered the transport of particulate matter
by various water flow rates on an ideal surface at one of five slopes
from 0 to 0.165. This report covers the relationship of slope to trans-
port on an ideal. surface. On a near-horizontal surface, no transport
occurs when the water flow rate is insufficient to produce turbulent
flow. The slightest slope causes particles to be transported at low
water flow rates in laminar flow. Surface waves, which are present at
all slopes under most flow conditions, increase transport rate.

An empirical equation is presented for the computation of the trans-
port velocities of both spherical and irregular shaped particles. The
maximum amoun-t of particulate matter that car. b transported is presented.



SUMMARY

Tne Problem

To study the basic principles involved in the transport of particu-
late matter by water films.

Findings

The rate of transport of various size particles on an ideal surface,
inclined at various angles over a wide range of water flow rates, was
determined. The maximum amount of material that can be removed as
rapidly as deposited was determined for the various slopes under vari-
ous flow conditions. This was found to be a much larger amount at all
slopes studied than would be expected to be deposited on roof surfaces
by a nuclear detonation.
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PREFACE

The experimental work covered by this :port was initiated to
determine the basic principles involved in che transport of particulate
matter by thin water films. The principle objective was to devise more
effective washdown systems for the removal of radioactive fallout.
These experiments were designed to study the relationship of fallout
particle size and shape, water flow rate, and surface slope to rate and
efficiency of transport by thin water films. An abundance of informa-
tion was acquired from these studies that was utilized in the design of
a full-scale roof washdown test facility which ultimately assisted in
the design of a basic roof washdo'.m system.

An empirical equation for the transport velocity of particles is
presented In thirn report but the practical application of this equation
to the design of roof washdown systems is not attempted or is it implied
that this equation can be used in the solution of other radiological
recovery problems. It is presented as being of possible interest in
the general field of hydraulics.

It was discovered In these basic .3tudies that one single factor
which contributed most to the effective transport of particles by water
films was surface waves which are developed under certain conditions.
The develolpnent of these waves is discucsed in this report and in a sub-
sequent report on roof washdovn system design. A method of producing
these waves is incorporated into a basic design.

V



1. INTRODUCTION

fallout was proposed a number of years ago as a radiological counter-
measure, but the first development work on this method was directed
towards its application to Navy ships. Development tests were conduc-
ted in 1949 with simulants of contaminated seawater sprayed onto verti-
cally mounted plates; 99 % of the liquid simulant was removed wheý the
surface was covered with a sheet of water prior to contamination.

In June 1951, tests were conducted by the Bureau of Ships on a
destroyer to determine whether a vessel's salt-water pumping capacity
would adequately decontaminate its weather surfaces. Tests then were
conducted by NRDL on the USS Worchester (CL-144) during January 1952,
using non-radioactive simulants. 2 The results of these Worehester tests
confirmed the 99 % effectiveness results obtained in laboratory tests
on 1-ft 2 plates. The placement of spray nozzles to create a water cur-
tain was accomplished chiefly by visual observation of the effectiveness
of surface wetting, later in July 1952, similar qualitative tests were
carried out on the aircraft carrier) USS S1angri-Ia (CV-38). The same
order of effectiveness was reported. 3 At Operation Castle, installed
washdown systems were found to be 87 to 94 % effective in removing the
radioactive fallout from a thermo-nuclear detonation.4 The contiaminant
deposited on the ships during these tests contained a high percentage
of insoluble radioactive coral particles as well as liquid contaminant.

Little regard was given to the fundamentals of transporting contamin-
ant by water films in this early development work because there is an
u,!-__m!ted 5iln1_y nf seawater available to ships and the system is limi-
ted only by the ship's pumping capacity. When attention was finally
focused on washdown for building roofs it was realized that there may
be a shortage of water when the system is needed. Thus the use of a
recirculating water system may be the only way to be sure of having
water when fallout is expected. Further, the volume of water used must
be kept at a minimum to reduce the size of the pumping equipment, stor-
age tanks, and auxilliary equipment. Therefore the roof washdown system
must be designed for maximum efficiency. A series of studies were con-
ducted to provide a better understanding of the basic principles involved
in the transport of particulate matter by water films.
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The study of -the transport of particulate matter on a near-horizon-
tal idea ll•y smooth surface is reported in Reference 5. The relationship
of particle transport to water flow rate and particle diameter on an
ideally smooth surface at slopes of 0.02, 0.04', .08, and 0.165 (rise in
feet) are reported in References 6,-7, 8 and 9 respectively. This report
extends these studtes to the generalized relationship of slope to par-
ticde transport on an ideal surface.

2. MCPERIMENA DETALS

2.1 Test Apparatus

The test apparatus (Fig. 1) consists of a plane formed by a 4 ft x
26 ft plate glass surface, supported by a rigid I-beam frame which can
be adjusted to any desired slope up to 0.25. Details of construction
are described in Appendix A. Glass was selected for the test surface
because it was considered to be essentially an ideall;y smooth surface.
Therefore the surface variable was essentially eliminated so that other
variables could be studied,

2.2 Test Procedures

The flow characteristics of the water film were determined by
measuring the depth of the water film and the surface velocity. The
shape of the waves was drawn on a strip chart recorder connected to
an electrical capacitance gauge which was calibrated to film thickness
in mils (Appendix A). The water surface velocity was determined by

timing small floats between stations.

Two types of particles were used in these water transport studies -

irregularly shaped silica ýarticles with rounded corners (sp. gr. 2.63)
and spherical glass beads (ap. gr. 2.53 and 4.35). These particles were
separated into standard sieve fractions and the tests were conducted on

545), 250 to 297 (mean-274)) 125 to 149 (mean-137) and 62 to74 ýmean-68).

Most of the studies were conducted at the station located 10.9 ft
from the entrance to the plane. It was found that the water flow changes
in characteristics as it moves down from the water entrance to the plane
and the water flowing off the end of the plane produces disturbances
that are transmitted back up the plane. The test station at 10.9 ft was
chosen because it is approximately midway between these end disturbances.

2



Fig. 1 Test Plane



The particles were deposited onto the test surface from a revolving-
disc disperser. This disperser consisted of an 8-in. diameter disc
mounted in a horizontal plane onto which particles were fed from a
small hopper. A strip or particles was laid onto the disc as it re-
volved. As the disc completed a revolution the particles were blown
off into a collecting hopper as they passed in front of a small air
stream. The collecting hopper was connected to a 2 x 2 in. column from
which the particles fell onto the plane. This column was fitted with
a series of coarse mesh screens which iiterrupted their free fall to
give a uniform fallout pattern on 4 in.2 of test surface. The rate of
f, llnut w varied bv chanwint the rotational speed of the disc, and/or
T'ne size U1. wit! jJ3UrLi.~Le:~ 1-1111 Utii wab Uýj o.A.u WASi VsAu .....'-- w

moving this ring of particles either closer to or away from the center
of the disc.

2.3 Particle Velocity Measurements

2.3.1 Photographic Method

Multiple exposure photographs were taken of the moving particles
lighted by a stroboscopic light source which was controlled by an
adjustable vibrating reed. Each photograph showed a series of images
of the particles. The distance between the first and last image of the
particle was measured and divided by the time lapse to obtain the velo-
city of the particle. Figure 2 shows a typical photograph used to de-
tentine particle velbcities.

2.3.2 Gross Method

A small group of particles was dispersed on the plane approxi-
mately 6 ft from the entrance. The time for the particles to move
from a point 8 ft from the entrance to a point 18.5 ft from the entrance
was measured. Particle velocity was determined by dividing the distance
traveled by the average time of travel. If the particles remained in a
group it was a simple matter to estimate the center of the group by eye
and easily obtain the average particle velocity. However, if the par-
ticles tended to become distributed over some distance, the task of
esti.nting the avoragc velociity was comcwhat complicated. Genermily,
some of the particles were caught in a wave crest and remained on the
surface of the entire length of the plane. These were the fastest
moving particles or "floaters". The majority of the particles would
drop to the glass surface and be moved along at a rhythmical rate by
the action of the waves. These slower particles or "rollers" trailed
far behind the fastest particles and seemed to roll along the plane
surface at a steady speed. Stopwatches were used to time the travel
of the fastest, middle, and slowest groups of particles. Since most
of the particles were of the middle group, it was weighted by a factor
of 2. The average time, was calculated as

4f



Fig. 2 Typical Particle Velocity-Measurement Photograph



•~T1 + •2 + T•

ave 4

where T1 = time of travel of the fastest group
T2 - tim. of lrnvpL of Uhi' middle group. This portion was weighted

in proxienfs ratlo to the percentage of' particles present.
T, - time of trevel of the slowest group

The particle velocities obtained by the gross method for the
higher slopes were much greater than those obtained by the photographic
method. This discrepancy is greater as the ratio of floaters to rol-
lers increases. The floaters and other fast-moving particles move
across the field of view of the camera so quickly that their velocity
could not be obtained with the flash rate used.

2.4 Mass Transport Effectiveness

The maximum mass loading rate is a measure of the maximum amount
of particulate matter that can be transported as fast as deposited by
a given flow of water at a particular slope. It does not, however,
give any indication of the amount of material that will remain as re-
sidual after the washdmw is shut down. The amount of residual will
vary with roughness and irregularities of the roofing surface.

As the mass rate of deposition was increased, a point was reached
where a long non-moving mass built up beneath the disperser.

The time this took after starting the disperser varied with the
water flow rate, slope, and particle size. The time required for the
build-up to occur under a set of test conditions was recorded and the
disperser adjusted to give a build-up in a different length of time.
The time at which build-up began was determined by visual observation.
The mass loadings were then plotted against reciprocal time. When
t�h�is~--c cxe c•.•al.te. . .to ÷ fijite time or I/T = O the maximum
amount of deposition that would give no build-up was obtained,

3. RESULTS aND DISCUSSION

3.1 Water Film Flow Characteristics

The average film depth at various slopes is shown ip Fig. 3. It

vill be noted that at a near-horizontal slope (6.5 x i0-4) a break in

6
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the depth curve occurs at a flow rate of 3.6 gpm/ft of width. This is
the point at which the Reynold's Number approaches 3000. Below this
point the film flow follows laminar film flow theory, where the friction
factor is equal to 96 divided by the Reynold's Number (F = 96/Re). At
Reynolds' Numbers over 3000, turbulent flow occurs. Figure 4 shows the
variation of the calculated average water film velocity with change in
slope. This velocity; U, was calculated from U = Q/DW, where Q = cu ft
of water/sec, D = depth of film in ft, and W = width of plane in ft.
The data for a flow rate of 0.195 gpm/ft of width was limited to the
0.00065 and 0.165 slopes. An estimated curve between these two points
is shown in Fig. 4 by a dotted line.

A hot-wire anemometer (Appendix A) iwas used to measure the relative
velocity of the water film on the near-horizontal slope only. The velo-
city profile for three flow rates is shown in Fig. 5. These curves show
only the change of velocity with depth as indicated by the temperature
differential between the hot wire and the water. It is observed that
the water filia is in laminar flow at all three water flow rates. In the
case of flow of approximately 0.2 gpm per ft of width (curve A) the en-
tire film depth is in laminar flow. With a flow rate of approximately
h.0 gpm/ft of width, curve B, the water film is in turbulent flow from
a depth of 100 mils to 240 mils from the bottom while a flow of 9.0 gpm/
ft of width (curve C) gives a turbulent film from a depth of 80 mils
from the bottom up to a depth of 400 mils from the bottom.

3.2 The Mechanics of Particle Transport

A section of the glass plane was projected onto a screen to study
the movement of the particles. It was observed on the near-horizontal
test plane that the spherical particles moved uniformly as if rolling
while the irregularly shaped silica particles moved with starts and
stops, with pauses of various lengths of time. There was no apparent
pattern in the length of the pauses or the distance traveled while in
motion. The particles moved in a similar manner at each of the slopes
but on all the slopes the gravity wave action becomes the biggest factor
in the transport of the particles.

'zhe suri-fce o' craviý -avec ,.ppeared to move down the plane with
a rolling over or folding under action. These waves were not continuous
across the width of the plane but were semi-elliptical in shape (Fig. 6)
and the shape or form was changed constantly as the water film flowed
down the plane. The waves induced a pulsing action on the particles as
they passed over them. The particles at rest were jarred loose by the
waves and were moved along at the same velocity as the wave for a short
distance. The transport velocity of the particles which were in motion
at the time a wave passed over was increased to the velocity of the wave.
After the particles were given a boost for a short distance by the wave
passing over, they continued to move as previously described.

8
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Fig. 6Ty~pical Wave Patterns
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A study of the wave pattern was made at each slope with various
water flow rates. A complete set of plots are presentes in ief~eruLueb
5 to 9. Typical plots are shown in Figs. 7 to 10 for a flow rate of
0.72 gpm/fL of width for a slope of 0.02, 0.04, 0.08, and 0.165. These
figures show that as the slope increases the water film thins out. The
mean depth was reduced from 0.080 in. at an 0.02 slope to 0.027 in. at
a slope of 0.165. The thinning of film resulted in an increase of the
frequency of the waves as shown by the time lapse reduction from 2.6 to
1.0 see from slope 0.02 to 0.165. The development of -waves becomes
mcna p ininnln ,. one moves down the plane. Figure 7 shows the waves
just s-Gart~ing 6u ueveC±up t wit; ý,.........v_ _ _
and continuing to increase in height down to the end of the plane. At
the 0,.O, 0.08, and 0.165 slope (Figs. 8, 9 and 10) the waves start to
develop at the 5 or 6 ft distance and increase in number as the water
flows down the plane. Changing the water flow on a particular slope
also changes thre wave action as can be seen by comparing Fig. 9 with
Pig. I1.

3.3 Rate of Particle Transport

The rate of transport of the various sizes of both the spherical
and irregularly shaped particles are presented in Tables 1, 2., and 3.
Table 1 gives the transport velocity of irregular silica particles with
a specific gravity of 2.63 at various flow rates on a variety of slopes.
Table 2 gives the velocity of spherical glass beads with a sp. gr. of
2.53 and Table 3 gives th6 velocity of glass beads with a ap. gr. of
4-.35. For the 0.165 slope the figures for particle velocities are, for
the most part, slower than those taken on the 0.04 and 0.08 slopes.
However, for the 0.00065, 0.02, 0.04, and 0.08 slopes, the particle
velocity increased with slope. At the 0.165 slope a large percentage
of the particles were "floaters", so the previously mentioned discrepan-
cies occurred in measuring their velocities.

The following equations wore developed from the experimental data
given in references 5-9 for the calculation of the particle transport
velocities:

U AS ) (Q'-B) + C
where U is the particle velocity in ft/sec

Q is the water flow rate in gpm/ft of width
D is the particle diameter in ;iicrons
S is the sine of the slope angle
A, B, C, a and b - Constants derived from experimental data.

The constants vary for both slome and particle shape as follows:
for spherical particles at 0.00065 slone

U 0.0)0283 2!3 D(QJ1/2_ 1.01) +0.0007
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for spherical particles at 0.02, O.04, and 0.08 slope
U2 10,s2/3.Ir . ,l,2 o.3o/3

for irregulAr silica particles at 0.02, 0.04 and 0.08 slopes

U = o.0o68a2/3D(Ql/"-o.k ) + 1.5S

A nhmograph is presented in Fig. B.1 of Appendix B for finding the
vonoeitiea of various sizes of spherical particles for a given slope ard

particles. The particle velocity equations conotbe used for the hori-
zontal slope or the 0.165 slope, but should be accurate within the 0.01
to 0.10 slope range shown on the nomographs.

3.. Mass Transport Effectiveness

The maxiumn mass loading rate for various particle sizes at the
different slopes studied are given in Table 4 for spherical particles
and Table 5 for irregular particles. These maximum mass loadings show
that if an ideally smooth surface can be approached on a roof, almost
any water flow rate on any slope is capable of transporting much more
particulate matter than will ever be encountered in a radioactive fall-
out from a nuclear detonation. Aareasonable maximum from a nuclear deto-
nation may be on the order of 2 gr/ft 2 /min. A-flow rate of 0.37 gpm/ft
of width was capable of transporting high masses of spherical particles
on all slopes studied except 0.02.

A flow rate of 2.70 gpm/ft of width or higher was required on the
0.02 slope to transport the 6 8 -p spherical particlesý while a flow of
only 0.72 gpm/ft transported 150 gr/ft 2 /min of the 460 P particles.

A flow rate of only 0.37 gPt/ft of width is capable of transporting
much higher mass loadings of all sizes of irregularly shaped particles
at all slopes than would be encountered from a nuclear detonation. It
is also noted in Table 5 that much higher mass loadings of both the
274-p and 68-p particles can be • •nt•• ",r . n.y ,---t of Co.diti.-_n

than the 137-p size. This is believed to be due to the characteristic
movement of the irregular particles. These particles move by hopping and
sliding on the surface, so that part of the time they are suspended in
the turbulent layer of the water film. The higher mass 274 p and 137 A
particles are suspended for shorter periods than the 68 p particles.
These 68 p particles are of such mass that they probably are suspended
most of the time. A sharp increase in the periods of suspension of the
68 p particles would account for their more efficient transport. The
particles while not in suspension are in the laminar layer. This laminar
layer is sufficiently thick to completely cover the 137 p particles,
most of the time, so they are being transported principally by the
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TABLE 4

Maximum Mass Loading Fate of Spherical Particles on an Ideal
Surface

-- IW .---

(gpm/rt Average Particle Diameter
of width) 460 p 274 p 137 ;L 68 p

0.02 SloIe

0.72 150 - - 0
1.83 215 - - 0
"2-.70 335 - - 10
3,96 445 - 0

0.04 Slope

0.37 180 6o 2o 20
0.72 430 90 50 -
1.83 56o 16o 110 90
2.70 - 300 16b 140
3.96 700 - " -

0.08 Slope

0.37 81o 210 60 60
0.72 1080 530 340 380
1.83 2820 2150 1880 1630

0.195 1290 - -30
0.37 2080 - - 1940
o.47 3720 - - 2340
0.59 - - - 5000
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Mk=IE 5

Maximum Mass Iading Pate of Irregular Particles on an Ideal
Surface

(gpm/:tr Average Particle Diameter
of width) 460o p 74 p 137 p 68p

0.02 Slope

0.72 60 22 14 49
1.83 260 79 38. 105
2.70 440 107 63 215
3.96 850 16o 97 285

0.04 slope

0.37 "90 60 30l(0
0.72 340 .o 70 130
1.83 940 3 240 4o
3.96 2o00 1380 800 2150

0.08 Slope

0.37 750 340 150 260
0.72 1680 710 600 810
1.83 3900 2100 i600 -
2.70 7250 4300 2450

U.±L6 :ýIope

0.195 600 435 450 405
0.37 1840 1470 1130 1550
0.47 3100 2200 1780 2650
0.72 4500 1o4o 4300 450o
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slower moving laminar flow. The 274 p particles are sufficiently large
to protrude through the laminar layer when they are on the bottom, so
they are picked up more frequently by the faster moving turbulent layer.
Consequently they move at a faster rate than the smaller diameter, lower
,.ass, 137 P particles.

The following empirical equation was developed from experimental
data (References 5-9) for calculation of the maximum mass loading rate
(MILR) of irregular particles.

RV-R ,2.5 Ql 1.4(5 X 107 d 1 ~D

S is slope of plane
Q is water flow rate in gpm/ft of width
D is diameter of particles in microns

4. CONCLUSIONS

Particles are transported on a hoi'izontal ideal surface only when
flow rate is sufficient to produce turbulent flow. Particles may be
transportmd, howrver, by a fiflm in laminar flow, at a lower water flow /
rate if the surface Is given the slightest incline. Surface waves in-
crease particle transport rate by inducing a pulsing action. These
waves are produced at all slopes at tertain water flow rates. . -

The velocities of particle transport by thin films can be computed
from the empirical equation

U- ASD Q(-B)+C
where U = particle velocity in ft/sec

D = particle diameter in microns
Q = water flow rate in gpm/ft of width
fl - A Ln'7 3.0 t-l',-- lon nnrrle

The maximum amount of particulate matter which can be transported
under any set of conditions at any slope is much greater than would be
expected from a nuclear detonation. This maximum mass loading can be
computed from the empirical equation

24LR = S2 "5 Q'.4 (5 x 10 7 1
i~ +ý 5 x A'

where MIbLR = Maximum Mass Loading Rate in grams per square foot per minute.

At all slopes the gravity wave action becomes the biggest factor in
the transport of particulate matter. As the slope increases, the water
film thins out. The thinning out of the film resulted in an increase
in the frequency of the waves.
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APPENIDIX A

DETAI LS OF 'f,:STAPPAHMT]S

TEI~ST PLANE

This Ciaiss (Fig. A.1) rents on a series of leveling screws which are
spaced approximately 30 in. apart on a center line running lengthwise
and lines 6 in. in from each side. The plane is leveled to within
+ 0.010 in. with the aid of a transit and a water manometer. This water
manometer consists of a bottle connected with flexible hose to a sight-
gauge anchored to the plane support. The bottle is placed over the
leveling points, and the height of the water is measured to the nearest
1/1000 in. with a point gauge in the sight-glass anchored to the plane
supports. Thc wAter stilling basin shown in Fig. A.2 admits water to
the lead end oi tbh plane in a smooth uniform manner. This stilling
basin conaists of a serie•a of rectangular compartmcnt.; which extend to
within approximately 2 in. of the bottan. Thus the water can be admitted
to the plane only from the bottom of the tank. The rectangular parti-
tions are designed so that they do not touch each other, thus eliminating
the transmittal of disturbances from the incoming water and pump vibra-
tion. The water comes into tke stilling basin from a distributor rest-
ing on sponge rubber on top of the tank.

Water flow rates are accurately maintained by an overflow system,
which maintains a constant head, and a series of removable calibrated
orifices. Figure A.2 diagrams the water system.

WATER FILM DEPTH GAUGE

The depth of the water vas measured with a capacity depth gauge,
especially developed for this purpose. This instrument utilized the
electrical capacity between a fixed metal plate and the water surface
to sense the air gap and by difference gave a measure of the water
depth to an accuracy of + 0.003 in. The details of construction are
described in Reference 10.
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HOT-WIRE ANEMCMETER

A hot-wire anemometer was designed to determine the water velocity
at various depths. The apparatus consisted of a one-mil wire, 4 in.
long, attached to a milling attachment graduated into thousandths of
an inch. The wire was positioned horizontal and perpendicular to the
water flow. A known current was applied to this wire which was one leg
of a wheat-stone bridge.' The hot wire was cooled by the water flowing
over it and the heat loss was determined by balancing the bridge. The
calculated hcat loss was then calibrated to give the velocity of the
fluid.
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APPENDIX B

NCMOGBAPHS FOR DETERMINING PARTICLE TRANSPORT VELOCITIES
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EXAMPLE - Velocities co•ruted from the empirical equation
HI 0.0028 S 3DQ/2.069) .

UI particle velocity (ft/sec)

S - slope
D - particle diameter (micron)
Q - flow rate (gpm/ft of width)

Given: A smooth surface is Inclined with a rise of 2 ft in JA H I U L EL
100 ft. and it is equipped with a washdown system V E LOC I T Y, U
which SUpplies water at 2 gpm/ft of width. ( FT/SEC)

To Find: At what rate will 500- and 200-micron diameter 1 . 0
spherical particles be transported down the plane?

Solution: Draw a line from the 500-micron particle 0.9
diameter through a flow rate of 2 gpm/ft of
width to intersect the turning line. From this 0.8
point of Intersection draw a line to intersect
the slop- line at 0.02. The. rat of particle 0.7
transport will be found where this line inter-
sects the particle velocity line, or a velocity 0,6
of 0.14 ft/sec. The same procedure will give 0.6
a vclocity of n.nIr fr/see for the 20n-micron
particles. 0.5

0.4

0.3

o - 0.2- 0 0 0 0 0 0 0 oE.
o d d d d d 0 0 o -

0
SLOPE, S

Fig. B.1 Lrnograph for FJ.inding Rate of Transport of Spherical Partice,

r3.



PARTICLE

DIAMETER, D

TURNING LINE (MICRONS)

VELOCITY, U
(FT/SEC)

-- 10 loo

-0.9

0.8 200

"0.7
0. .6= . - 3 0 0

05

04 .400

03 2 - -500

5 0 0 -=_ L•-- -• o I-- - -•o
0- 600

or ',,'a: ,'t. o"', :a2 Paticles or. an Ideal Sur'ace With a Moving Water Film
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EXAMPLE -Velocities comlquled from empirlcal equation

U M, 0.00688 q , 3 •p..a + .. q-Ih ,

U - particle velocity (ft/sce)S -. slope Given: A smooth stlfface is inclined with a rise of 4 ft in 100 ft

D - particle diamrater (microns) and it is equipped with a washdown system which

Q - flow rate (gpm/ft of width) supplies water at 4 gpm/ft of width.

To Find: At what rate will 100- and 400-micron diameter
irregular particles be transported down the planee

Solutiot• Draw a line from the 100.micron particle diamecer

the turning line, From this point draw a line to
intersect tie slope line at 0.04. The rate of tralnsport
will he found where this line intersects the particle T U RN I N G Li N E
velocity line, or a velocity of 0.14 ft/sec. The same
procedure will give a velocity of 0.,515 ftfsec for the
400-micron particles.PARTI CLE

VELOCITY, U
(FT/SEC)

0

0.1
C-)

0.1

0.4 (0

0.5

0.36_-o 6'-- ... .-

0.7

08

1.0

Fig. B.• IJomo(;rarTh for Finding Pate of Transport of Irregular Partic~ es

r.

3,



wihI isi ,[ .1tof* ft in lto ft

f wofifi.

iutl't par cl,- d !ahJRTct

P'" t 
dtraw a1 )111'! to

lit. t-1' atw .4 Itattsp'.t PART ICL E
! mrscr,c ti [lie partivcle TURNIN G L.1 N E DIAM ETER, D

of ''.14 ft/scu-. Th sani (MICRONS)

100

200

300

A, 400

m -500

4' 600

* ITrfrc:l3Lr Fartiecros on ain Ideal Suc-face With a Movingp Water Filmn
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